It is known that oblique angle deposition (or glancing angle deposition) can create 3D architectures that are otherwise difficult to produce using the conventional lithographic techniques. The technique relies on a self-assembly mechanism originated from a physical shadowing effect during deposition. In this paper we show examples of 3D nanostructures obtained by this oblique angle deposition on a templated substrate with regularly spaced pillar seeds. We show that common to this technique is the phenomenon of side-way growth on the seeds. The side-way growth leads to a fan-like structure at the initial stages of growth if the incident oblique angle is fixed during growth. Simulations based on a steering effect due to the attractive force between the incoming atom and the existing atoms on the surface produce a fanlike structure similar to that observed experimentally. We show that a two-phase substrate rotation scheme during deposition can dramatically reduce this fan-out effect and can lead to uniform and isolated columns.
Introduction
The morphology of thin film growth fronts formed by a physical vapor deposition technique is controlled by many factors including: surface diffusion, sticking coefficient, and shadowing. Instabilities of growth can occur if the shadowing is more dominant compared to other surface effects and can lead to many diverse physically self-assembled 3D nanostructures. One way to create a dominant shadowing effect is by oblique angle deposition [1] [2] [3] [4] [5] [6] [7] . In this technique, incident deposition flux arrives at the substrate at an angle θ with respect to the surface normal. A variety of evaporation sources such as thermal evaporation and sputter deposition can be employed in the oblique angle deposition configuration. The technique has been known for more than a century [8, 9] . Only recently research activities using the oblique angle deposition has increased. This is perhaps due to the recognition that this technique allows one to produce diverse morphologies and microstructures that possess a wide range of interesting optical, electrical, and magnetic properties. Figure 1 (left) shows the deposition configuration during an oblique angle deposition.
The flux strikes the substrate with an angle θ normal to the substrate surface. [10] . The oblique angle deposition is a physical self-assembly growth technique that can produce 3D nanostructures with a very large aspect ratio and controllable porosity, shape and symmetry. The technique is very robust in that practically any material (e.g., Si, C, W, Co, SiO 2 , MgF 2 , etc.) or combination of materials can be used for fabrication. The nanostructures can be integrated onto a substrate platform with controllable length, diameter, aspect ratio, and density, which make them very convenient to pattern devices for realistic applications. However, basic quantitative understanding on the formation of nanostructures is still far from complete. Here we shall focus on one aspect of it, namely the side-way growth phenomenon that often occurs during the oblique angle deposition. A fundamental aspect of the oblique angle deposition is the development of a "fan-out" structure as a result of a side-way growth phenomenon. 
Shadowing and side-way growth

Monte Carlo simulations of side-way growth
In order to understand the side-way growth phenomenon on the templated substrate, we use a three-dimensional Monte Carlo (3D MC) method to simulate the growth of the columns produced by the oblique angle deposition. A 3D lattice, which allows overhangs, is formed by cubic lattice points and each incident atom has the dimension of one lattice point. The simulations include a substrate with seeds, an obliquely incident flux, and surface diffusion. We assume a uniform flux of atoms approaching the surface with an angle θ = 85 o . At each simulation step an atom is sent towards a randomly chosen lattice point on the surface of size L×L. After the incident atom is deposited onto the surface, an atom that is chosen randomly within a box around the impact point is set to diffuse to another nearest neighbor random location. The diffusion step is repeated until Q number of jumps is made. Then another atom is introduced, and the deposition and diffusion steps are repeated in a similar way. This strategy mimics the surface diffusion at the first impact point during the growth by evaporation deposition.
Our simulations involved a system size of L×L×N = 512×512×512, with a periodic boundary condition. Here L and N are the lateral and vertical dimensions of the 3D lattice. The simulations were conducted at a diffusion rate of Q = 300. Diffusion improves the columnar structure by making columns denser and column edges smoother [11] . Seed pillars are placed on a planer substrate with a square-lattice geometry separated by 84 lattice units (center-center distance). The individual pillar has dimensions of 16, 16, 24 lattice units in height, top diameter, and bottom diameter, respectively.
In our simulations, we compared two types of sticking rules. As illustrated in Fig.  5 , the first one is the head-on collision (HC) mode where the incident particle sticks to the first surface site that stands along its trajectory. The second sticking rule we tested is the nearest neighbor attraction which is also called the NN ballistic deposition technique [12] . In the NN rule, the incident particle can be deposited to a surface site within the vicinity of its trajectory (Fig. 5) . The growth rate can be faster in the lateral direction during the NN sticking rule compared to that of the HC rule. A possible growth mechanism that can lead to the NN rule is the "steering effect" [13, 14] that originates from van der Waals interactions between the obliquely incident particles of low energies (e.g. < 1 eV) and the nearby surface atoms. Figures 6(a) and 6(b) show the top view images of simulated columns deposited on the templated substrate with the HC and NN sticking rules, respectively. In the HC rule, the columns grow uniformly towards the incident flux with no significant change in their width. On the other hand, the columns that grow according to the NN sticking rule show a fan-out geometry that is similar to our experimentally observed results shown in Fig. 3 . The nanocolumns grown by thermal evaporation involves obliquely incident atoms having low energies (typically < 1 eV). Therefore, NN sticking in our simulations can mimic the steering effect that is believed to lead to the fanout shaped nanostructures. 
KK8.4.4
Two-phase rotation scheme
There are ways to reduce the side-way growth. One strategy is called the two-phase rotation scheme [7] . In this scheme, the substrate is rotated around the surface normal and the rotation is divided into two regions as shown in Fig. 7 . The rotation speed is ω I in region I and the rotation speed changes to ω II in region II. We set ω II >>ω I and during the deposition the rotation in region II is much faster. The reason that this scheme can reduce the side-way growth is that during the deposition, before the "fan" gets spread out further, the substrate is rotated to a position such that the corner of the fan (which is sharper) is facing the flux, not the center of the fan. This has quite a dramatic effect in the formation of the columns. Figures 8(a) and 8(b) show the side view and top view of the columns deposited with the two-phase rotation, respectively. In this experiment we set ω I =0.015 Hz,
, and φ =135 o . It is seen that there is a dramatic change in the structure when changing from the fixed angle to a two-phase rotation scheme. In the two-phase rotation scheme, isolated columns (slanted) are created without touching each others. The fan-out phenomenon still exists at the very initial stages of growth and the diameter of the columns grows as a function of time, but the growth quickly stops after the initial transient. Another scheme to reduce the side-way growth is a "sweeping" technique [15] where the incident angle alternatively changes between position φ 1 and position φ 2 . It was shown that the size (diameter) of the columns grown on a flat surface can be maintained. 
